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ABSTRACT length to width) to indicate leaflet shape. He also de-
fined leaflet shape index at 2.6 to differentiate betweenTwo gene pairs are known to affect leaflet shape in soybean [Gly-
broad and narrow leaflet shape in Japanese cultivarscine max (L.) Merr.], but only two categories of leaflet shape are

routinely used to characterize soybean germplasm. Very little informa- and found that broad leaflet is a completely dominant
tion has been published about leaflet shape and size for wild soybean trait. Narrow leaflet is associated with an increase in
(Glycine soja Sieb. & Zucc.) accessions in the USDA Soybean Germ- number of seeds per pod in G. max (Takahashi, 1934;
plasm Collection but these characteristics have been shown to be Domingo, 1945). You et al. (1995) examined 72 lines
among the most diverse morphological traits in the Chinese G. soja from China, Japan, and USA for the effects of leaflet
collection. The objectives of this research are to evaluate and establish shape on seed yield and its components in cultivated
a visual classification system for the variation of leaflet shape and

soybean and concluded that there were no significantsize in the USDA Soybean Germplasm Collection. In 1998 and 1999,
difference between the broad and narrow leaflet lines661 wild soybean accessions from the USDA Soybean Germplasm
in average seed yield or number of pods per plant, butCollection in maturity groups 000 through IX were grown at either
significant differences were observed for seed size andUrbana, IL, or Stoneville, MS. Images of fully expanded terminal

leaflets were recorded with a digital camera after all accessions were number of seeds per pod.
in the reproductive phase. Representative leaflets were selected at There are several ways to analyze leaflet shape and
approximately two-thirds of the distance from the ground to the top size data. Frusta et al. (1995) evaluated leaflet shape in
of the plant. Images were analyzed by the computer software Image- 39 cultivated soybeans by principal component analysis
Pro Plus (Version 3.0). Six measured or calculated parameters were based on the elliptic Fourier coefficients. Hill (1998)
recorded. The FASTCLUS procedure of SAS was used to define used a modified Landmark Eigenshape Analysis (LEA)
appropriate categories of leaflet shape and size. Length/width ratio

software developed by Dr. J. F. Reid of the Agriculturaland length were chosen to define leaflet shape and leaflet size, respec-
Engineering Department of the University of Illinois totively. Length/width ratio values ranged from 1.3 to 6.2 and length
analyze the images of leaflet shape of Glycine tomentellafrom 3 to 14 cm. Five categories of leaflet shape are proposed: oval,
Hayata accessions. The most recently developed Image-ovate, lanceolate, linear, and ultra linear; and three classes for leaflet

size: small, intermediate, and large. Leaflet shape and leaflet size are Pro Plus software (Media Cybernetics, Silver Spring,
associated with geographical origin. Accessions from South Korea MD) has been widely used in various areas of biology
were generally smaller than those from China, Japan, and Russia. (http://www.mediacy.com; verified 28 October 2003).
Accessions from China had more leaflet variation than those from Kosina and Wasylikowa (1999) analyzed morphological
South Korea or Japan but those from Russia were the most variable. and anatomical features of plants including hazel nut
Nearly all of the accessions with lanceolate and linear leaflets origi- (Corylus avellana L.) shells, primula (Primula praenitens
nated from Russia.

Ker Gawl.) and crocus species (Iridaceae) pollen, and
Triticum dicoccon Schrank. spikelets with the use of
Image-Pro Plus software. The greatest advantage of us-

Leaflet shape is among the most diverse morphologi- ing a computerized image analysis is that many parame-
cal traits of wild soybean (Dong et al., 1999). Since ters can be measured or calculated with high accuracy

most morphological and pigment traits lack variation in and simultaneously analyzed.
wild soybean, this could be an important trait to help Little characterization of leaflet size and shape in
characterize G. soja germplasm. Two loci were reported G. soja has been done. Fukui and Sunaga (1978) investi-
to affect leaflet shape in soybean, Ln/ln for ovate leaflet gated morphological variation among 100 accessions of
and narrow leaflet (Bernard and Weiss, 1973) and Lo/ G. soja collected from Siberia, northeastern China,
lo for ovate and oval leaflet (Domingo, 1945). Oval South Korea, and Japan and found that leaflet shape
leaflet is a rare phenotype and G. max germplasm gener- was significantly associated with geographical origin.
ally is classified either as broad or narrow. Sawada (1988, Zheng and Chen (1980) evaluated 478 accessions of
1992) proposed the leaflet shape index (ratio of leaflet G. soja from Jilin province of China and proposed four

categories for leaflet shape (ovate, long ovate, lanceo-
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visual classification system for the variation of leaflet between years. Over the 2 yr of this research, data were
collected on 1021 accessions. All of those observationsshape and size for wild soybean accessions in the USDA

Soybean Germplasm Collection. were used to compare differences among countries and
to examine the total range of diversity within the USDA
wild soybean collection.MATERIALS AND METHODS

The ranges of the six measured parameters showed
In 1998 and 1999, 498 G. soja accessions from USDA Soy- that large variation exists among the G. soja accessionsbean Germplasm Collection in maturity groups (MG) 000

analyzed. Area, length, and width are all indicators ofthrough IV were planted in unreplicated hill plots inside aphid-
leaflet size and were all highly correlated (data notproof cages at Urbana, IL, but only 279 produced measurable
shown). Length/width ratio, radius ratio, and roundness,plants in both years. The soybean cultivar Clark and L62-
all indicators of leaflet shape, also were highly correlated1579, an isoline of Clark with the ln allele for narrow leaflet,

were planted at Urbana as reference plants. In the same years, (data not shown). Length/width ratio was selected to
606 accessions in MG V through IX were planted in a hill represent leaflet shape because it can be most easily
plots in an open field at Stoneville, MS, but only 382 were suc- calculated. Both length and width are much easier to
cessfully grown in both years. There were poor stands in both measure than total area and either could be selected as
locations in 1998. Digital images of a fully expanded leaflet an indicator of leaflet size, but narrow leaflets present
at approximately two-thirds of the distance from the ground a problem with either trait. Many of the longest leafletsto the top of the final plant height were recorded each year.

are also narrower than the mean of the population soTwo trifoliolate leaves were photographed per plot, but only
classifying leaflet area based on leaflet length will over-the terminal leaflet was analyzed.
estimate area for the longest leaflets. A similar problemImages from this experiment were analyzed using the com-
exists if we use leaflet width since some of the narrowestputer software Image-Pro Plus, and six parameters were re-

corded or calculated: area, length, width, length/width ratio, leaflets are longer than the mean of the population, so
radius ratio, and roundness. Area includes all pixels within leaflet area will likely be underestimated for some of
the leaflet perimeter. Length and width is the maximum length the narrowest leaflets. Since the values for leaflet length
and width of the leaflet. The radius ratio is the ratio deter- are generally larger than those for leaflet width (Table 1)
mined by maximum radius/minimum radius. Radius is the and the range of values for leaflet length (2.6–14.2 cm)
distance between the centroid pixel position of the leaflet and is nearly twice as great as leaflet width (1.4–7.7 cm), itthe perimeter. Roundness is calculated as perimeter2/(4 · � ·

will be easier to classify differences visually in leafletarea). Circular objects will have a roundness � 1, whereas
length, so it was selected as an estimate of leaflet area.other shapes will have a roundness �1.0. Length/width ratio

The consistency of the parameters from year to yearis the ratio between the maximum length to width. Length/
is critical for useful descriptive traits for germplasmwidth ratio is always �1.

An analysis of variance (ANOVA) was conducted for each evaluation. The ANOVA results showed that the effects
location separately for all parameters. Since not all images of accession, year and the accession � year interactions
could be used for analysis, only 606 accessions had two sam- are significant for length/width ratio and length in both
plings in 2 yr so GLM was selected for analysis of the unbal- locations as well as for all MGs with the all P values
anced data set (SAS Institute, 1999). Year and samples were equal or less than 0.026. The mean values for length/
considered random effects, and accessions were considered width ratio for 1998 and 1999 were 2.0 and 2.3, and forfixed. Fisher’s Least Significant Difference (LSD) at the 1%

length were 6.9 and 7.1 cm, respectively. The distribu-significance level was used to test the differences among de-
tion patterns of length/width ratio means were similarfined leaflet classes. The FASTCLUS procedure of SAS was
between years with a small shift to higher values in 1999applied to the data to help determine classes of leaflet types.
(Fig. 1) as indicated by the overall means. Among 606
tested accessions, with two leaflet samples in each ofRESULTS AND DISCUSSION the two years, there were 36 entries with no change in
length/width ratio between years; 557 entries had anOnly 606 accessions had useable images for two leaf-

lets in each year and those observations were used for increased value and 13 entries decreased in length/width
ratio. Regardless of direction of change, only 29 acces-the analysis of variance. There were 661 accessions that

were successfully grown in both years and the values sions changed by more than 1.0 unit between years.
The 13 accessions with negative changes were evenlycollected on those plots were used to compare changes

Table 1. Class means of leaflet length/width ratio and length and t tests among class means for 661 G. soja accessions from the USDA
Soybean Germplasm Collection grown in both 1998 and 1999.

Cluster centroid No. of
Parameter Class by FASTCLUS Defined range Class means accessions

Length/width ratio Oval 1.6 �2.0 1.8a† 437
Ovate 2.1 2.1 to 3.0 2.3b 150
Lanceolate 3.2 3.1 to 4.0 3.5c 43
Linear 4.2 4.1 to 5.0 4.5d 24
Ultra linear 5.3 �5.1 5.4e 7

Length (cm) Small 4.8 �6.0 4.8a 236
Intermediate 8.1 6.1 to 10.0 7.9b 374
Large 11.7 �10.1 11.0c 51

† Means with the same letter are not significantly different at the 0.01 probability level. LSD0.01 value for length/width ratio � 0.13; LSD(0.01) value for
length � 0.5.
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Fig. 1. The distribution of length/width ratio means for G. soja accessions grown at Urbana, IL and Stoneville, MS, in 1998 and 1999.

distributed between the two locations and among the Clark, with the Ln gene, is considered to have an ovate
leaflet shape in G. max and in this research had a leafletMGs. The leaflet length changes were similar to what

was observed with the length/width ratio. The means of length/width ratio score of 1.8. L62-1579, the isoline of
Clark, with the ln gene, has the narrow leaflet shapedifferences between accessions in the two years was

2.2 cm, and the range of difference was 0 to 10.2 cm in and in the study had a leaflet length/width ratio score
of 3.6. The length/width ratio values for the 661 G. sojaabsolute values. There were 16 accessions that did not

change between years, 349 accessions that increased and accessions grown and measured in both years ranged
from 1.3 to 6.2. The variation observed among the241 accessions that decreased. As with length/width ra-

tio, the 241 accessions with negative changes were equally G. soja accessions (Fig. 2) is greater than that explained
by the known genetics in G. max. There were five clus-distributed across both locations and among all MGs.

There are 86 accessions with differences over 4.0 cm ters generated by the FASTCLUS procedure using the
length/width ratios, and the cluster centroids were 1.6,among 606 tested accessions. Leaflet length is more

sensitive to environmental effects than leaflet shape. 2.1, 3.2, 4.2, and 5.3. Three clusters were formed for
leaflet length with centroids of 4.8, 8.1, and 11.7 cmOn the basis of our observations, differences of less

than 0.5 of length/width ratio value or 3 cm for length (Table 1). Our results are similar to the results from
Zheng and Chen (1980). They surveyed 478 G. sojawould be too small to detect accurately in a visual classi-

fication system, but differences approximately 20% of accessions from Jilin province of China and proposed
four categories for leaflet shape and three classes forthat size were statistically significant in our ANOVA.

Both leaflet length/width ratio and length are affected leaflet length in G. soja. The length/width ratio means
of each of their categories in leaflet shape were 1.8, 2.5,by environmental conditions, but these data indicate

that changes among environments are not large enough 3.1, and 5.5 and length means were 3.9, 6.8, and 9.6 cm.
On the basis of the FASTCLUS results and observationsto negate these parameters as useful in characterizing

G. soja accessions. from the field, we defined five categories for leaflet
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Fig. 2. Range of variation in leaflet shape among G. soja accessions in the USDA Soybean Germplasm Collection.

shape by length/width ratio value: less than 2.0 (oval); 6.0 cm in length, intermediate leaflet from 6.1 to 10.0 cm
and large leaflet over 10.0 cm. To test for differences2.1 to 3.0 (ovate); 3.1 to 4.0 (lanceolate); 4.1 to 5.0

(linear); and over 5.0 (ultra linear). Three classes are among means of each class, t tests were used. The results
indicated the differences among categories of leafletalso proposed for leaflet length: small leaflet is less than
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Fig. 3. Scatter plots of G. soja accessions in the USDA Soybean Germplasm Collection from four countries separated by five classes of leaflet
shape and three classes of leaflet length. Percent and numbers of accessions are given for each category.

shape and leaflet length were highly significant, and means Northeast China in MG 0 or earlier. There are also two
lanceolate accessions from South Korea (MG II and V),of each class of length/width ratio value and length were

very close to the cluster centroids defined by the FAST- two from Japan (MG VII) and one from Taiwan (MG
IX). In a survey of morphological variation among 100CLUS procedure (Table 1). The majority of G. soja ac-

cessions analyzed in this study have oval or ovate leaflet accessions of G. soja collected from Siberia, northeast-
ern China, South Korea, and Japan, Fukui and Sunagashape and small or intermediate leaflet size.

The means of length/width ratios in MG 000 and 00 (1978) found that leaflet shape was significantly associ-
ated with geographical origin. In this study, lanceolatewere 3.8, while the other MGs were approximately 2.0

except for MG IX, which was 2.5. There are only five leaflet shape was mostly found among entries from Sibe-
ria and northeastern China, while South Korean linesaccessions in MG IX. There also seems to be an associa-

tion between leaflet length and maturity. The mean were comparatively smaller and oval and Japanese and
Chinese lines were comparatively larger and oval orleaflet length of the accessions in MG 000 to IV is over

8.0 cm, whereas in later MGs the mean length is less ovate. Our results also indicate a relationship between
origin and leaflet shape, but the narrowest leaflets arethan 7.0 cm. Since MG IV and earlier were grown in a

different location than the MG V and later, it is not found at both the northern and southern extremes of
the geographical range of G. soja.totally possible to separate genetic from environmental

effects, but the mean length of MG V was much shorter We also found a relationship between leaflet size and
geographical origin. Of the 236 accessions with small leaf-than that of any other group. Thirty-one accessions were

classified as linear or ultra linear (length/width ratio let size (�6.0 cm), 163 are from South Korea and 67
from Japan in MG V and VI. Only one is from Russia�4.1) for leaflet shape. These accessions are all from

Russia in MG 000 and 00 except PI 245331, which is and the rest are from China. Of the 51 accessions with
large leaflet size, 44 are from Russia and five are fromfrom Taiwan and is in MG IX. Of the 43 accessions

classified as lanceolate, 35 are from Russia and three from Japan. None is from South Korea and only two are
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Table 2. Class means for leaflet area and distribution by origin of 1016 G. soja accessions from the USDA Soybean Germplasm Collection
grown in at least one year. Five acessions from Taiwan are not included.

Origin
Cluster centroid

Class by FASTCLUS Defined range Class means No. of accessions Russia China South Korea Japan

cm2

Small 9.9 �15.0 9.6 421 22 15 255 129
Intermediate 21.3 15.1 to 27.0 20.9 399 118 93 60 128
Large 32.7 �27.1 32.4 196 109 40 21 26

from China. Gerber and Les (1994) compared the leaf and more diverse in shape than those from Japan (Fig. 3).
morphology among submersed species of Myriophyllum The accessions from Russia seem to have the most diver-
(Haloragaceae) from different habitats and geographi- sity, but there are over 100 more accessions from Russia
cal distributions. Their results demonstrated that funda- than from China in the USDA Collection. As was noted
mental intraspecific differences in submerged leaf shape earlier almost all of the large lanceolate and linear acces-
were associated with differences in geographic distribu- sions are from Russia. The accessions from Russia are
tions and habitats, and the differences could be ex- the only group with accessions distributed in 14 of the
plained as adaptations for different nutrient uptake re- 15 possible categories. These results provide additional
gimes. We do not know what role leaflet size and shape evidence of the association between leaflet shape and
may have in environmental adaptation, but there are size, and geographical origin.
definite relationships between the geographical origin In this classification scheme, we propose to use leaflet
and leaflet shape and size in G. soja germplasm. length as an estimate of leaflet area knowing that leaflet

Only 661 accessions were used in the previous analysis area could be overestimated for the longest leaflets.
because those accessions were successfully grown in both To examine the association between leaflet length and
years. The data collected on the remaining 360 accessions leaflet area, we classified leaflet area into three catego-
were used to classify them into one of the 15 categories ries, small, intermediate and large by the FASTCLUS
on the basis of leaflet size and shape. The distribution procedure (Table 2). The association of leaflet types
of leaflet types by country of origin was visualized with based on area and origin was similar to that based on
scatter plots of data from 1016 accessions excluding the length with 75% of the accessions from South Korea in
five accessions from Taiwan (Fig. 3). The predominant the small class and nearly 45% of the accessions from
class for South Korea was small oval (55%). No other Russia in the large class (Table 2). The association of
country had such a high percentage of accessions in that leaflet length and leaflet area was investigated by com-
class. There were few accessions in the lanceolate or paring the consistency of the classification between the
linear classes and even fewer large leaflet types. The dis- two methods based on data from all 1021 accessions.
tribution of accessions from Japan is similar to that of Leaflets classified as small were 98% consistent between
South Korea, but the predominant class was intermedi- the two methods, and the large leaflet classes had the
ate oval (45%). There were slightly fewer accessions in least consistency (57%) as was expected (Table 3). The
the lanceolate or linear classes than from South Korea large oval class had complete identity between the two
but more larger leaflet types. The predominant class for methods, but nearly 60% of the large leaflet accessions,
the accessions from China also was intermediate oval defined by length, in the other categories were only(52%), but the Chinese accessions were generally larger intermediate in terms of actual leaflet area. None of the

large leaflet types, defined by length, were in the smallTable 3. The association between leaflet size estimated by leaflet
leaflet area class. Of those categorized as intermediatelength and actual leaflet area in 1021 accessions of G. soja

from the USDA Soybean Germplasm Collection grown in at on the basis of leaflet length, approximately 60% were
least one year. in the intermediate area class and nearly equal numbers

Leaf area were underestimated as were overestimated. All of the
Leaf size estimate Leaflet underestimates were in the oval and ovate categories(number of accessions) shape Small Intermediate Large

but the mean leaflet length of these two groups was over
Small (336) Oval 234 7 0 9 cm so they were all very close to the boundary betweenOvate 88 0 0

Lanceolate 6 0 0 intermediate and large leaflets. Nearly 75% of those over-
Linear 1 0 0 estimated were in the oval and ovate categories with aUltra linear 0 0 0

mean leaflet length of approximately 6.5, so they wereSub-total 329 (98%) 7 (2%) 0 (0%)
Intermediate (550) Oval 29 213 107 also very close to being in the small leaflet class. These

Ovate 45 86 11 data indicate that using leaflet length will provide a goodLanceolate 16 25 0
Linear 8 7 0 approximation for leaflet area for G. soja germplasm
Ultra linear 1 2 0 characterization purposes.Sub-total 99 (18%) 333 (61%) 118 (21%)

There are large and consistent differences for leafletLarge (135) Oval 0 0 38
Ovate 0 6 5 size and shape that can be used to distinguish among
Lanceolate 0 23 9 accessions of wild soybean. The system that we haveLinear 0 23 25
Ultra linear 0 6 0 proposed can be used to effectively classify these differ-
Sub-total 0 (0%) 58 (43%) 77 (57%) ences. These results indicate trends in leaflet size and
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